Monocytes and macrophages are critical for the effectiveness of monoclonal antibody therapy. Responses to antibody-coated tumor cells are largely mediated by Fc␥ receptors (Fc␥Rs), which become activated upon binding to immune complexes. Fc␥RIIb is an inhibitory Fc␥R that negatively regulates these responses, and it is expressed on monocytes and macrophages. Therefore, deletion or down-regulation of this receptor may substantially enhance therapeutic outcomes. Here we screened a panel of Toll-like receptor (TLR) agonists and found that those selective for TLR4 and TLR8 could significantly down-regulate the expression of Fc␥RIIb. Upon further examination, we found that treatment of monocytes with TLR4 agonists could lead to the ubiquitination of Fc␥RIIb protein. A search of our earlier microarray database of monocytes activated with the TLR7/8 agonist R-848 (in which Fc␥RIIb was down-regulated) revealed an up-regulation of membrane-associated ring finger (C3HC4) 3 (MARCH3), an E3 ubiquitin ligase. Therefore, we tested whether LPS treatment could up-regulate MARCH3 in monocytes and whether this E3 ligase was involved with LPS-mediated Fc␥RIIb down-regulation. The results showed that LPS activation of TLR4 significantly increased MARCH3 expression and that siRNA against MARCH3 prevented the decrease in Fc␥RIIb following LPS treatment. These data suggest that activation of TLR4 on monocytes can induce a rapid down-regulation of Fc␥RIIb protein and that this involves ubiquitination. . 4 The abbreviations used are: Fc␥R, Fc␥ receptor; ITAM, immune receptor tyrosine-based activation motif; TLR, Toll-like receptor; MARCH, membrane-associated ring finger (C3HC4); qPCR, quantitative PCR; PBM, peripheral blood monocyte(s); SRBC, sheep red blood cell(s).
Monocytes and macrophages play an important role in the innate immune response by phagocytosing IgG-opsonized infectious particles (1) and are major mediators in the destruction of tumor cells (2) (3) (4) (5) . Indeed, the importance of monocytes in clearing antibody-targeted tumor cells following the administration of therapeutic mAbs used in oncology indications has been well established (6 -8) . However, despite showing statistically significant effects, the low rates of complete remission combined with the relatively high relapse rate suggest strongly that there is much room for improvement (9 -11) . Therapeutic mAbs themselves are being improved, with the goal of increasing affinity toward Fc␥ receptors in some cases (12, 13) . Along with this, immune modulators such as interferons (14, 15) , interleukins (16 -20) , synthetic compounds (21) (22) (23) , and CpG oligonucleotides (16) are being explored as potential enhancers of antibody therapy.
Antibody-dependent destruction of target cells is largely mediated by Fc␥ receptors (Fc␥Rs) 4 (5, 24, 25) . Human monocytes and macrophages express at least four different functional Fc␥Rs: Fc␥RI, Fc␥RIIa, Fc␥RIIb, and Fc␥RIIIa (26) . Of these, Fc␥RI, Fc␥RIIa, and Fc␥RIIIa are activating receptors that drive cellular responses to antibodies. These receptors either contain, within their cytoplasmic tails, an immune receptor tyrosine-based activation motif (ITAM), as in the case of Fc␥RIIa (27) , or are associated with the ␥-chain homodimer that has an ITAM (28) . The association of the ␥-chain is critical not only for surface expression of Fc␥RI and Fc␥RIIIa but also for signaling from these receptors. In mice that do not express the ITAMcontaining Fc␥RIIa, deficiencies in ␥-chain expression abrogate the surface expression and function of activating Fc␥R (29) .
In contrast, Fc␥RIIb is an inhibitory receptor that has an immune receptor tyrosine-based inhibitory motif in its cytoplasmic tail (30, 31) . Co-clustering of Fc␥RIIb with ITAM-Fc␥R results in phosphorylation of the immune receptor tyrosinebased inhibitory motif tyrosine and association of Src homology 2 domain-containing inositol 5Ј-phosphatase with Fc␥RIIb (31) (32) (33) (34) . This clustering of Fc␥RIIb and its association with Src homology 2 domain-containing inositol phosphatase serves to inhibit Fc␥R-mediated responses (35) . Without Fc␥RIIb (or Src homology 2 domain-containing inositol phosphatase), Fc␥R activity is increased. For example, bone marrow-derived macrophages from Fc␥RII-deficient mice display enhanced phagocytic ability compared with wild-type bone marrow-derived macrophages (36) , and Src homology 2 domain-containing inositol phosphatase-deficient bone mar-row-derived macrophages can more effectively phagocytose IgG-coated particles than wild-type bone marrow-derived macrophages (37) . Therefore, the effectiveness of Fc␥R-mediated function is dictated by the ratio of activating to inhibitory Fc␥R on effector cells (38) . Indeed, this has been demonstrated by Clynes et al. (25) , who showed that antibody-mediated clearance of B16 melanoma cells was enhanced markedly in mice that had a genetic deletion of Fc␥RIIb.
The expression of Fc␥R is malleable. It has been shown that proinflammatory cytokines such as IFN␥ up-regulate the expression of ITAM-Fc␥R, thereby enhancing monocyte/ macrophage responses (39 -41) . In contrast, IL-13 has been shown to down-regulate these activating Fc␥Rs (42) , and IL-4 can up-regulate expression of the immune receptor tyrosinebased inhibitory motif-bearing Fc␥RIIb, with the combination of IL-4 and IL-10 leading to synergistic increases in this receptor (39, (43) (44) (45) . Toll-like receptor (TLR) agonists can also influence Fc␥R expression. For example, previous work in our laboratory has shown that the TLR7/8 agonist R-848 could simultaneously increase the expression of activating Fc␥R and decrease expression of the inhibitory Fc␥RIIb (46) . In this earlier study, we also found that up-regulation of activating Fc␥R depended on autocrine/paracrine signaling, whereas the downregulation of Fc␥RIIb did not. However, the precise mechanisms involved in the TLR-mediated down-regulation of Fc␥RIIb are not fully understood.
Here we examined the down-regulation of Fc␥RIIb by TLR agonists in greater detail in an attempt to uncover the underlying mechanism(s) of the modulation. We began by screening a battery of TLR agonists to identify those capable of decreasing Fc␥RIIb and found that agonists for TLR4 and TLR8 caused a rapid and simultaneous decrease in transcript and protein levels. We interrogated the mechanisms behind the rapid reduction in Fc␥RIIb protein using the TLR4 agonist LPS and found that it involved the ubiquitination of Fc␥RIIb and that it depended on the E3 ubiquitin ligase MARCH3. Therefore, these results identify a novel mechanism by which TLR agonists can modulate expression of the inhibitory Fc␥R and, thereby, alter the ratio of activating to inhibitory Fc␥ receptors.
Experimental Procedures
Antibodies and Reagents-LPS, used at 1 to 1000 ng/ml) was purchased from Sigma-Aldrich (St. Louis, MO). Agonists for TLR2 (Pam 2 CSK 4 , used at 100 ng/ml), TLR3 (polyI:C, used at 10 g/ml), TLR5 (Flagellin, used at 100 ng/ml), TLR8 (CL075, used at 0.01-10 M), and CpG (used at 10 g/ml) were purchased from Invivogen (San Diego, CA). The TLR7-selective agonist 3M-055 (used at 1 M) was provided by 3M Drug Delivery Systems (Minneapolis, MN). The TLR8-selective agonist motolimod, formerly known as VTX-2337 (used at 1 M) was provided by VentiRx (Seattle, WA). Anti-Fc␥RIIb (CD32b) antibody for Western blotting was purchased from Abcam (Cambridge, MA). Anti-ubiquitin antibody was purchased from Cell Signaling Technology (Beverly, MA). Antibodies against actin and HRP-conjugated anti-goat and anti-mouse secondary antibodies were from Santa Cruz Biotechnology. Anti-rabbit HRP-conjugated secondary antibody was purchased from Cell Signaling Technology. TRIzol was pur-chased from Invitrogen. Reverse transcriptase, random hexamers, and SYBR Green PCR mix were purchased from Applied Biosystems (Foster City, CA).
PCR primers were purchased from Invitrogen. Sequences for Fc␥RIIa, Fc␥RIIb, and GAPDH were as described previously (47) . Primer sequences to detect MARCH transcripts were as follows: MARCH3 forward, GCGAGGACGATGGAAATCCT; MARCH3 reverse, CTTGCATGACATACTGCGGC; MARCH7 forward, CAAGCACACGTGTCCGATTTA; MARCH7 reverse, TGGTCTCCGTCTTCTTCGGA; MARCH9 forward, AGAA-GGTCCAGATTGCTGCC; and MARCH9 reverse, GATGA-GGCCTATGCAGACGA.
Human and mouse whole-molecule IgG were from Jackson ImmunoResearch Laboratories (West Grove, PA). N- [1-(2,3dioleoyloxy) propyl]-N,N,N-trimethylammonium methyl-sulfate liposomal transfection reagent was purchased from Roche Applied Science. Dharmacon control and MARCH3 siRNA constructs were purchased from GE Life Sciences (Lafayette, CO). Recombinant protein G-agarose beads were purchased from Invitrogen. Red blood cell lysis buffer was purchased from eBioscience (San Diego, CA). The ubiquitin E1 inhibitor UBEI-41 (PYR-41) was purchased from Biogenova (Potomac, MD).
Western Blotting and ELISAs-Western blotting was done as described previously (48) . Cells were lysed in TN1 buffer (50 mM Tris (pH 8.0), 10 mM EDTA, 10 mM Na 4 P 2 O 7 , 10 mM NaF, 1% Triton X-100, 125 mM NaCl, 10 mM Na 3 VO 4 , and 10 g/ml each aprotinin and leupeptin). Protein lysates were boiled in Laemmli sample buffer, separated by SDS-PAGE, transferred to nitrocellulose membranes, probed with the antibody of interest, and then developed by Pierce ECL 2 Western blotting substrate (Thermo Scientific, Rockford, IL) or SuperSignal West Femto maximum sensitivity substrate (Thermo Scientific). Densitometry was performed using ImageJ software (National Institutes of Health, Bethesda, MD), and ratios between the indicated probes and their respective anti-actin reprobes were calculated. Cell supernatants were collected, centrifuged at full speed to clear cellular debris, and then assayed for cytokine via sandwich ELISA (R&D Systems, Minneapolis, MN) according to the protocol of the manufacturer.
Real-time RT-PCR (qPCR)-Cells were lysed in TRIzol reagent (Invitrogen), and RNA isolation was completed according to the instructions of the manufacturer. Reverse transcription was done with 50 -200 ng of total RNA. The cDNA was run in duplicate for each donor on an Applied Biosystems Step One Plus system with automatically calculated thresholds. Relative copy number was calculated as 2 jϪ⌬Ct , with ⌬Ct calculated by subtracting the Ct of the housekeeping control (GAPDH) from the experimental sample Ct (49, 50) .
Peripheral Blood Monocyte Isolation-Peripheral blood monocytes (PBM) were isolated from Red Cross Leukopaks via Ficoll separation (Mediatech, Manassas, VA), followed by CD14-positive selection using MACS (Miltenyi Biotec, Inc., Cambridge, MA) as described previously (46) . PBM were resuspended in RPMI 1640 containing 10% heat-inactivated FBS (Hyclone, Logan, UT), penicillin/streptomycin, and L-glutamate (Invitrogen). The purity of the monocytes obtained was Ͼ 97%, as determined by flow cytometry with CD14 antibody.
MARCH3-mediated Down-regulation of Fc␥RIIb
Phagocytosis-Phagocytosis assays were performed as described previously (47) . Briefly, IgG-coated, PKH26-labeled sheep red blood cells (SRBC) were added to the PBM. Cells were pelleted briefly by slow centrifugation, followed by 30 min of incubation at 37°C. Non-ingested SRBC were subjected to hypotonic lysis with RBC lysis buffer and PBS wash prior to fixation with 1% paraformaldehyde. Samples were analyzed by fluorescence microscopy in a blinded fashion. The phagocytic index was defined as the total number of SRBC ingested by 100 phagocytes.
Immunoprecipitations-Immunoprecipitations were performed as described previously (51) . PBM were treated with or without TLR agonists at different time points. Cells were lysed in 500 l of TN1 buffer (50 mM Tris (pH 8.0), 10 mM EDTA, 10 mM Na 4 P 2 O 7 , 10 mM NaF, 1% Triton X-100, 125 mM NaCl, 10 mM Na 3 VO 4 , and 10 g/ml each aprotinin and leupeptin), and protein lysates were incubated overnight with the specified antibody and protein G-agarose beads. A negative control was included without the specified antibody or without protein G-agarose beads. After incubation, the beads were washed twice with 500 l of TN1 buffer, boiled with 40 l of 1ϫ Laemmli sample buffer for 5 min, and subjected to SDS-PAGE. Proteins were transferred to nitrocellulose membranes, probed with the antibody of interest (anti-ubiquitin or anti-CD32B), and then developed by Pierce ECL 2 Western blotting substrate (Thermo Scientific).
Transfections-Transfections were performed using N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate liposomal transfection reagent (Roche Applied Science) in accordance with the instructions of the manufacturer. Briefly, N- [1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium methyl-sulfate solution diluted in HBS buffer (20 mM HEPES (cell culture grade) and 150 mM NaCl (pH 7.4)) was incubated in a 2:1 ratio with either 1.5 g of MARCH3 siRNA or 1.5 g of control siRNA for 15 min at room temperature. After incubation, cells were treated with the N- [1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium methyl-sulfate/nucleic acid mixture and incubated for 6 h at 37°C. Cells were then stimulated with or without LPS and incubated for 18 h at 37°C. Cells were either lysed in TN1 buffer for Western blotting or TRIzol for real-time RT-PCR to verify transfection efficacy.
Statistical Analyses-For experiments that involved placing the cells of each donor across multiple conditions, data were analyzed by using analysis of variance with repeated measures. For experiments with only two groups involved, paired Student's t tests were used to test for statistically significant differences. Analyses of variance were performed using SAS statistical software (SAS, Inc., Cary, NC). p Յ 0.05 was considered significant.
Results
TLR Ligands Down-regulate Fc␥RIIb-We have found previously that the TLR7/8 agonist R-848 was capable of down-regulating Fc␥RIIb in monocytes (46) , which led us to ask whether other TLR agonists could do this. We treated human PBM overnight with selective agonists for TLR2, TLR3, TLR4, TLR5, TLR7, TLR8, and TLR9 and then measured the levels of Fc␥RIIb protein. The results (Fig. 1A) showed that agonists for TLR4 and TLR8 almost completely eliminated Fc␥RIIb, whereas agonists for TLR9 showed modest effects. TLR2 agonists led to variable results, occasionally leading to a slight decrease but, more often, to a modest increase in Fc␥RIIb, which is in agreement with our earlier findings (47) . We repeated this and examined the transcript levels of Fc␥RIIb and found similar results ( Fig. 1B) , although only agonists for TLR4, TLR8, and TLR9 led to significant differences (Fig. 1C ). There was a modest trend toward statistical significance for the TLR2 agonist, but the magnitude of change was not sufficient to achieve statistical significance despite the relatively low variability.
A protein Basic Local Alignment Search Tool alignment showed that the isoform of Fc␥RIIb expressed by monocytes was 90% identical to Fc␥RIIa with a 74% query coverage, so we next verified that the TLR agonist treatment was specific in down-regulating Fc␥RIIb and not Fc␥RIIa. We treated PBM overnight with the TLR4 agonist LPS and examined protein levels of Fc␥RIIb and Fc␥RIIa. The results showed that LPS significantly down-regulated Fc␥RIIb protein and significantly up-regulated Fc␥RIIa (Fig. 1, D and E, respectively) . Similarly, qPCR analysis showed that LPS up-regulated the Fc␥RIIa transcript ( Fig. 1F ). Because of the robust response, we chose to focus on TLR4 activation by LPS.
Dose and Time Course Responses of Fc␥RIIb to LPS-Next we tested the concentration of LPS required to down-regulate Fc␥RIIb. We treated PBM overnight with LPS concentrations between 0 -1000 ng/ml and found that as little as 1 ng/ml was sufficient to elicit at least a partial decrease in protein and transcript levels of the receptor (Fig. 2, A and B, respectively) . We then examined the time course of Fc␥RIIb down-regulation. As shown in Fig. 2C , LPS treatment decreased the levels of Fc␥R protein in as little as 1 h, although some degree of donorto-donor variability was seen. Transcript levels were also decreased as early as 1 h (Fig. 2D) .
We next examined the activating receptor Fc␥RIIa as a control and found that 1 ng/ml was sufficient for up-regulation of protein and transcript (Fig. 3, A and B, respectively) . However, in contrast to Fc␥RIIb, where changes were seen in as little as 1 h, changes in Fc␥RIIa protein were not seen until after the 6-h mark (Fig. 3C) , with transcript increasing at 6 h (Fig. 3D ). This is consistent with autocrine-paracrine signaling being required for up-regulation of Fc␥RIIa, as we have shown previously using the TLR7/8 agonist R-848 (46) . These results show that LPS modulates Fc␥RIIb and the nearly identical activating receptor Fc␥RIIa through different means because it causes down-regulation of one and up-regulation of the other. Indeed, up-regulation of Fc␥RIIa has been shown to be caused by secreted factors such as IFN␥ and IL-10 (39, 45, 53) . Importantly, regarding Fc␥RIIb, the LPS-mediated decrease in transcript did not precede the decrease in protein, which suggested that LPS was driving the down-regulation of protein and transcript through separate mechanisms.
LPS Treatment Leads to Fc␥RIIb Ubiquitination-The apparent discrepancy between protein and transcript downregulation of Fc␥RIIb was of interest. In particular, the N-terminal MG (54) and its lack of a PEST domain suggested that the normal half-life of Fc␥RIIb should be relatively long, meaning FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 that the reduction in transcript would not account for the rapid decrease in protein levels. Indeed, in murine macrophages, the half-life of Fc␥RIIb has been measured at ϳ10 h (55) . Because the plasma membrane is recycled in its entirety two to three times per hour (56) , it is likely that Fc␥RIIb is recycled back to the cell surface under normal conditions but that TLR4 activation somehow disrupts this. Previous reports have shown that binding of immune complexes in J774 cells can lead to lysosomal localization of Fc␥R within 1 h (57), and phagocytosis of IgG-coated particles in mouse peritoneal macrophages can result in over 50% Fc␥R degradation within 2 h (55).
MARCH3-mediated Down-regulation of Fc␥RIIb
In an effort to gain insights into the cause of this LPS-driven decrease in Fc␥RIIb protein, we examined the possibility that ubiquitin was involved. We used UbPred to predict possible ubiquitination sites in Fc␥RIIb and found one medium-and one high-confidence site at residues 101 and 263, respectively. Interestingly, Fc␥RIIa shared the medium-confidence site but contained a completely different high-confidence site. This distinct high-confidence ubiquitination site in Fc␥RIIb opened the possibility that this receptor, but not the activating receptor Fc␥RIIa, was ubiquitinated following LPS treatment.
We tested whether LPS led to the ubiquitination of Fc␥RIIb by treating PBM with LPS for time points from 15 min to 6 h and performing immunoprecipitations to detect receptor-ubiquitin associations. As shown in Fig. 4A , a strong ubiquitin association was found at 1 h. This decreased at later time points, likely because Fc␥RIIb levels themselves were decreasing. Reciprocal immunoprecipitation experiments in which ubiquitin was pulled down and blots done for Fc␥RIIb showed roughly similar results, with the strongest association occurring at 30 min (Fig. 4B ). We also examined ubiquitination of Fc␥RIIa, which is up-regulated rather than degraded following LPS treatment. Results showed that, as expected, LPS did not increase its ubiquitination (data not shown).
We then examined the effect of blocking ubiquitination by using the E1-activating enzyme inhibitor Pyr-41. As shown in Fig. 4C , pretreatment of PBM with increasing concentrations of Pyr-41 led to attenuation of LPS-mediated Fc␥RIIb down-regulation. These results suggest that LPS treatment leads to ubiquitination of Fc␥RIIb and that this may mediate its degradation. TLR agonists for TLR2, TLR3, TLR4, TLR5, TLR7 , TLR8, and TLR9 (described under "Experimental Procedures"). Western blotting was done to measure Fc␥RIIb protein expression (n ϭ 4, representative blot shown). IB, immunoblot. B and C, PBM were treated without or with the indicated TLR agonists as in A. Then mRNA was collected, and qPCR was done to measure Fc␥RIIb transcript (B). Statistical analyses were done to identify the agonists that down-regulated Fc␥RIIb transcript (n ϭ 3) (C). RCN, relative copy number; CI, confidence interval. D and E, PBM were treated overnight without or with 500 ng/ml LPS, and then Western blotting and qPCR were done to measure protein levels of Fc␥RIIb (D) and Fc␥RIIa (E) (n ϭ 3, representative blots shown). F, PBM were treated as in D and E, and then transcript of Fc␥RIIa was measured by qPCR (n ϭ 3). For all blots, membranes were reprobed for actin to verify equivalent loading. *, p Յ 0.05.
MARCH3 Is Required for LPS-induced Fc␥RIIb Downregulation-A proteomics study of B cells identified the E3
ubiquitin ligase MARCH9 as a potential effector of Fc␥RIIb degradation (58) . Because we have found previously that the TLR7/8 agonist R-848 could down-regulate Fc␥RIIb (46), we searched through our microarray datasets of monocytes treated with TLR7 or TLR8 agonists (50) to see whether MARCH9 had been up-regulated. We found a modest increase of MARCH9 but a very strong up-regulation of the related MARCH3 in monocytes treated with the TLR8 agonist. These results suggested that MARCH9 or MARCH3 might be involved in the down-regulation of Fc␥RIIb. To test this, we treated PBM overnight with LPS and measured the expression of MARCH9, MARCH3, and the related MARCH7 in response to TLR4 acti- A and B , human PBM were incubated overnight with LPS at increasing concentrations (0, 1, 10, 50, 100, 500, and 1000 ng/ml for protein analyses and 0, 1, 10, 50, 100, and 500 ng/ml for transcript analyses). Western blotting and qPCR were done to measure Fc␥RIIb protein (A) and mRNA expression (B) (n ϭ 3). IB, immunoblot; RCN, relative copy number. C and D, PBM (n ϭ 4) were treated with 500 ng/ml LPS for 0, 1, 3, 6, 18, or 24 h, and then Western blotting was done to measure Fc␥RIIb protein (C), and qPCR was done to measure transcript (D). For all blots, membranes were reprobed for actin to verify equivalent loading.
FIGURE 3. Concentration and time course responses of Fc␥RIIa to LPS.
A and B, human PBM were incubated overnight with LPS at increasing concentrations (0, 1, 10, 50, 100, 500, and 1000 ng/ml for protein analyses and 0, 1, 10, 50, 100, and 500 ng/ml for transcript analyses). Western blotting and qPCR were done to measure Fc␥RIIa protein (A) and mRNA expression (B). IB, immunoblot; RCN, relative copy number. C and D, PBM were treated with 500 ng/ml LPS for 0, 1, 3, 6, 18, or 24 h, and then Western blotting was done to measure Fc␥RIIa protein (C), and qPCR was done to measure transcript (D) (n ϭ 3). For all blots, membranes were reprobed for actin to verify equivalent loading. FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 vation. The results showed that LPS significantly increased the expression of MARCH3 (Fig. 5A, left panel) but not of MARCH7 or MARCH9 (data not shown). Because the decrease in Fc␥RIIb levels occurred in as little as 1 h, we also repeated the LPS treatment and evaluated MARCH3 expression after 1 h. The results showed up-regulation of MARCH3 at this early time point as well (Fig. 5A, right panel) .
MARCH3-mediated Down-regulation of Fc␥RIIb
Next, to determine whether MARCH3 was required for the LPS-mediated decrease in Fc␥RIIb protein, we transfected PBM with siRNA against MARCH3 prior to treating them with LPS. To verify the efficacy of the knockdown, we performed qPCR to measure MARCH3 and found that LPS-treated PBM transfected with control siRNA showed significant up-regulation of MARCH3, whereas siRNA against MARCH3 prevented the increase in response to LPS treatment (Fig. 5B) . We also verified that the siRNA treatments had no effect on the transcript levels of Fc␥RIIb, with qPCR showing that overnight LPS treatment reduced RNA levels of Fc␥RIIb in both control and MARCH3 siRNA treatments (Fig. 5C ). Finally, we measured protein levels of Fc␥RIIb following siRNA and LPS treatments and found that knockdown of MARCH3 inhibited the LPS-mediated decrease in Fc␥RIIb (Fig. 5, D and E) . Collectively, these results suggest that LPS up-regulates the expression of MARCH3 in monocytes, which then targets Fc␥RIIb for degradation.
LPS Treatment Enhances Fc␥R Function-To test whether LPS treatment led to a difference in Fc␥R function, we treated PBM overnight with LPS and then incubated them for 20 h with immobilized IgG to cluster the Fc␥ receptors. Production of TNF␣ was then measured in the cleared supernatants, and the results showed a superadditive effect of LPS plus IgG (Fig. 6A ). Next we treated PBM overnight with LPS and then subjected them to a phagocytosis assay using antibody-opsonized SRBC. As shown in Fig. 6B , LPS treatment significantly enhanced the number of ingested SRBC by the PBM. These results indicate that activation of TLR4 with LPS enhances Fc␥R function.
Discussion
Modulation of Fc␥RIIb expression is important within the context of both tumor immunotherapy and autoimmune diseases. For example, genetic deletion of Fc␥RIIb can permit the development of collagen-induced arthritis in a typically nonsusceptible mouse strain (59) . In humans, levels of Fc␥RIIb on monocytes were found to be equivalent in rheumatoid arthritis patients and healthy donors, but the patient monocytes expressed more activating receptors. Treatment in vitro of both healthy donor and patient monocytes with IL-4 plus IL-10 led to increases in Fc␥RIIb expression and decreases in IgG-mediated cytokine production (45) . It has also been shown that a Fc␥RIIb polymorphism that was less inhibitory could serve as a strong predictor of joint damage in rheumatoid arthritis patients (60) .
Conversely, within a tumor setting, reductions rather than increases in Fc␥RIIb expression or function may be beneficial. In a mouse B16 melanoma model of antibody therapy, the genetic deletion of Fc␥RIIb led to an almost complete clearance of tumor cells in the lung following antibody treatment (25) . It has been shown recently that the use of a blocking antibody against Fc␥RIIb led to enhanced antitumor effects from therapeutic antibody treatment, especially in stromal regions in which there is typically reduced effectiveness of antibodies (61) .
In this study, we found that TLR agonists, most notably those for TLR4 and TLR8, led to a marked down-regulation of Fc␥RIIb transcript and, separately, to a down-regulation of Fc␥RIIb protein. Further examination showed that LPS caused Fc␥RIIb to become ubiquitinated and that the E3 ubiquitin ligase MARCH3 was required for the observed decrease in protein following LPS treatment. Of note, the ubiquitination of Fc␥RIIb preceded the strong LPS-driven up-regulation of MARCH3, suggesting that LPS had an earlier effect on MARCH3 activity prior to up-regulation of MARCH3 transcription. LPS treatment may have enhanced the ubiquitin system in general, perhaps affecting the E1-activating enzyme or MARCH3-binding E2-conjugating enzymes. This, in turn, could increase the activity of basally expressed MARCH3. Further studies are required to elucidate this.
Interestingly, treatment with the TLR8 agonist also led to rapid decreases in Fc␥RIIb protein as well as to receptor ubiquitination (data not shown). However, we were unable to see a reversal of TLR8-mediated Fc␥RIIb down-regulation after MARCH3 knock- Ctl, control; IB, immunoblot. C, human PBM were pretreated for 30 min with increasing doses of the E1 ubiquitin-activating enzyme inhibitor PYR-41 (0, 1, 5, or 10 M) and then incubated overnight without (UT, untreated) or with 500 ng/ml LPS. Western blotting was done to analyze Fc␥RIIb expression (n ϭ 3). C, membranes were reprobed for actin to verify equivalent loading. down (data not shown). It is possible that our knockdown was not complete enough to have an effect or that other pathways are involved with TLR8-mediated Fc␥RIIb degradation. For example, TLR8 agonist treatment up-regulated MARCH9 and MARCH3, suggesting that, in contrast to TLR4 activation, both E3 ligases could be involved following TLR8 agonist treatment.
Ubiquitination can lead to degradation by either the proteasome or lysosome, depending on the type of ubiquitination and the cellular location (62) . Because there is a natural recycling of Fc␥R from the cell surface to the endosome and back (with complete membrane recycling taking place as rapidly as two or three times per hour (56)), it is likely that TLR4 activation breaks this recycling pattern by triggering ubiquitination that shunts Fc␥RIIb to the lysosome. In partial support of ubiquitinmediated lysosomal rather than proteasomal degradation, we found that the proteasomal inhibitor MG-132 did not block R-848-mediated degradation of Fc␥RIIb (data not shown).
The finding that some but not all TLR agonists led to Fc␥RIIb down-regulation is of interest because it not only brings attention to the qualitative and quantitative differences in signaling between the various TLR, but it also has implications for disease. For example, certain pathogens such as Gram-negative FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 3901 bacteria or RNA viruses might be predicted to exacerbate the symptoms of rheumatoid arthritis and other immune diseases involving autoantibodies. Conversely, it may also suggest that certain TLR ligands would be more suited than others as adjuvants for antibody therapy against tumors. Indeed, the TLR8selective agonist motolimod has been tested in a phase 1 clinical trial in combination with cetuximab for the treatment of recurrent or metastatic squamous cell carcinomas of the head and neck (NCT01334177). A phase II trial to test this TLR8 agonist in combination with cisplatin or carboplatin, fluorouracil, and cetuximab is also underway (NCT01836029). The therapeutic hypothesis for the TLR8 agonist motolimod is increased antibody-dependent cellular cytotoxicity because of stronger activation of natural killer cells and monocytes, and enhancement of this activation via loss of the inhibitory Fc␥RIIb would be consistent with this.
MARCH3-mediated Down-regulation of Fc␥RIIb
Although the TLR4 pathway is commonly associated with excessive cytokine production during sepsis (63, 64) , it is also being examined as a potential therapeutic target for the treatment of cancer. One preclinical study has shown that monophosphoryl lipid A significantly enhanced the effectiveness of antitumor antibody treatment in a mouse melanoma model (65) . Similarly, the synthetic lipid A mimetic E6020 enhanced the survival of mice treated with trastuzumab in a model of HER2 ϩ cancer (52) . Interestingly, depletion of macrophages, but not of natural killer cells, led to a reduction in the efficacy of treatment (52) . Although no clinical trials combining TLR4 agonists with antibody therapy are listed (https://clinicaltrials.gov), trials are being conducted to test several agonists as antitumor agents. The TLR4 agonist glucopyranosyl lipid A stable emulsion is being tested against sarcoma in combination with radiation therapy (NCT02180698). The same agonist is being tested as a vaccine adjuvant against melanoma (NCT02320305) and as a single agent against Merkel cell carcinoma (NCT02035657) and follicular non-Hodgkin lymphoma (NCT02501473).
In summary, we identified the mechanism by which TLR4 activation by LPS down-regulates the protein levels of the inhibitory Fc␥RIIb, namely up-regulation of the E3 ubiquitin ligase MARCH3. This uncovers a more specific potential therapeutic target that may be of value within certain disease settings in which Fc␥Rs are involved. It is conceivable that selective inhibitors of MARCH3 might be beneficial within the context of rheumatoid arthritis or that the administration of agents that up-regulate MARCH3, in conjunction with antitumor antibodies, may lead to improved outcomes for cancer patients.
